A Study of Real-Time Packet Video Quality using Random Neural Networks by Mohamed, Samir & Rubino, Gerardo
HAL Id: inria-00072063
https://hal.inria.fr/inria-00072063
Submitted on 23 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
A Study of Real-Time Packet Video Quality using
Random Neural Networks
Samir Mohamed, Gerardo Rubino
To cite this version:
Samir Mohamed, Gerardo Rubino. A Study of Real-Time Packet Video Quality using Random Neural









   



















appor t  
de  r ech er ch e 
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
A Study of Real-Time Packet Video Quality
using Random Neural Networks

































Unité de recherche INRIA Rennes
IRISA, Campus universitaire de Beaulieu, 35042 RENNES Cedex (France)
Téléphone : 02 99 84 71 00 - International : +33 2 99 84 71 00
Télécopie : 02 99 84 71 71 - International : +33 2 99 84 71 71



























: ; /d.3	9* ½.&	d/
"\[~lnVYqziyVlnVY\©ZgI~|fqz~Y|f\[pn~qI¡YZiylnZ]\f{k­g Ë qÈ9e"l&qdZg¹j,ZNÊh\©lnVY\©igIl¢m4qI¡lnVY\©{YgIl}gd{y\[\[p&\f{
l&qÀlnVY\*{y\fenln~gIlnqz~wx5qz~l&eh®Z]qenl`qI¡»lnVY\|[iypnp&\[~lB{ke}|[iYe&enqz~Ye9gIp&\|fqz~Y|f\[~lnp}gIl&\f{¿qz~¬Y~Y{k~yg]¤Wgfm>l&q

































 8 D&F3 















ZNx5qzpnl}gI~lqz~Y\fehªNÄYqzp4\OjYgIZNxy\®MlnVY\ Mqe}eBagIl&\]gI~Y{ # qz~Ye&\f|[iyln\ Mqenl4oKgz|&§\[lZ]\[lnpn|fe4gIp&\]enlniY{k\f{
~ K^RORM¨®¤³Vy\ KåXQMenlniY{k\fe»ZgI~ym]lnVY\d\O¸F\f|[l»qI¡
	©l»atgIl&\gI~Y{ K^hQM¤µqzpn§keµqz~ymNqz~ÀlnVY\d\O¸F\f|[lµqI¡MÄyp}gIZ]\

























































































ZgI\4e&\[Z]\[~l}gIlnqz~ K^[M¨ªs e&iypn\[m¯qI¡adÂtÂ gIxyxy|hgIlnqz~Yede³\[~~ K 
M¨ª
    B.	W.&  -3}/01	¬#%&*	(')}+







































gIp&\e&\[\[p}gIeniykrn\f|[ln\digIl¨mZ]\[lnVYq,{yeº~]lnVY\p&\f|fqzZNZ]\[~Y{YgIlnqz~Ye©qI¡5lnVY\d«U  Ô¨a KPOk®$OQM¨ª"¾¿\e&\[\f|[l&\f{








8 Ë igIl¨m !9gIl}gIgze&\:9´Oª
«¨~²lnVY\tlnVyp&{¯enl&\[xM®,g*eniyl}gIy\`ÂtÂ)gIp&|&Vyl&\f|[lniyp&\4gI~Y{¯glnp}gI~y~y]gIqzpnlnVyZ Z4iYenlW5\e&\[\f|[l&\f{FªUWVY\
Ë igIl¨m !9gIl}gIgze&\NeB{k,{y\f{w~l&ql¨¤µqxgIpnl&ehÃBqz~Y\l&q6lnp}gI~¿lnVY\NÂtÂ gI~Y{¼lnVY\]qzlnVY\[p4qz~Y\l&q6l&\fenl9l&e
  ö@^'_'`&aI`
X   5





















98W®"e&\fiY\[~Y|f\% ( p&\f|f\[\fe4lnVY\Àu¼v9È¿\[zgIigIlnqz~;: (=<> ? 
@BA©¡@p&qzZ lnVY\Àeniykrn\f|[ln\]l&\fenl
xyVgze}\ªtUWVY\qgIqI¡ºlnVY\ÂÂ etl&qY~Y{¬gp&\hgI"¡@iy~Y|[lnqz~DCwVgh~yFEp&\hgIKzgIpn­gIy\fe9gI~Y{¬¤³lnVgIiY\fe
~ > ? 
@BA¨®e&iY|&VlnVgIl
±@T´À¡°qzpdgI~m6e&\fiY\[~Y|f\ 2 ®GCH./$  ('

I$!GJ (90HKL:M(¦®










|[pnl&\[pn­gwe]e}gIlne+\f{´O®µ¤µ\¯l&\fenlNlNiYe&~y¿lnVY\¯zgI{YgIlnqz~8xgIpnlqI¡lnVY\ Ë igIl¢m !`gIl}gIgze}\ª«Ç¡¡°qzpgI~m
e}\fiY\[~Y|f\( <  ½¤©\*Vgf\RCH./$6 ( 









  !6" %HZ
UWVY\¯Z]\[lnVYq,{¥¤µ\¯xyp&qzx5qe&\¯iYe&\feNg~Y\[¤ ¡ÉgIZNm¥qI¡~Y\[iyp}gI³~Y\[l¢¤µqzpn§keh®»lnVY\¯e&q¼|hgI\f{atgI~Y{yqzZ¶Â\[iyp}gI







l&q²gI~Y{6¡°p&qzZ lnVY\\[~,p&qz~yZ]\[~lhª "µgz|&V¼~Y\[iyp&qz~>Vgze`g .$ &3 +
 gze&e&q,|[­gIl&\f{¤³lnVM®.¤³Vy|&V¬etgI~~l&\[\[p
±@p}gI~Y{yqzZÀ´`zgIpn­gIy\ªNUWVY\x5qzl&\[~ln­gI»qI¡W~Y\[iyp&qz~D[gIl9lnZ]\\te9{y\[~Yqzl&\f{wm^]_I./\0Oª*«¨¡µlnVY\x5qzl&\[~ln­gI©qI¡







xqenln\qz~Y\®eµ{y\[~Yqzl&\f{m_ J  ®gI~Y{Àgze©g`~Y\[gIln\tqz~Y\®m











gIpnpn~y¡°p&qzZ lnVY\t\[~p&qz~yZ]\[~ll&q*~Y\[iyp&qz~F[d±@ ¡"gI~mY´µe³g*oÁqze&e}qz~6xyp&q|f\fe&e©¤³Vy|}V6p}gIl&\`e©{y\[~Yqzl&\f{¯m" _ ±@p&\fenxMª " 	_ ´Oªº«¢l³e³xqe}eny\`l&qVgf\ " _  ? gI~Y{Iqzp " 	_  ? ¡Éqzpe&qzZ]\9~Y\[iyp&qz~ [}®yyiyl³l&q]{y\hgIM¤³lnV
gI~ 8gI\:9~Y\[l¢¤µqzpn§5®k¤µ\~Y\f\f{$# _   " _&% ? ªÄ"~gIm®,¤µ\ZgI§\dlnVY\iYenigI~Y{y\[x5\[~Y{y\[~Y|f\9gze&eniyZNxylnqz~Ye\[l¢¤µ\f\[~>lnVY\fe}\4gIpnpnzgIFxyp&q,|f\fe&e&\fe¦®klnVY\9xyp&q|f\fe}e&\fe|fqzZNx5qe&\f{qI¡KlnVY\9en~gIede&\[~l³m6\hgz|&V>~Y\[iyp&qz~M®\[l&|ª
UWVY\À{ke}|fqh\[pnmDqI¡9?9\[\[~5\ÀelnVgIl*lnVyeZ]q,{y\[©Vgze*g .10>
 # 20I enl}gIlnqz~gIpnme}qziylnqz~MªUWVye
eenZN­gIp¼l&q lnVY\D|[­gze}en|hgI'gz|&§ke&qz~ðe¬p&\feniyl¬qz~ qzx5\[~ ~Y\[l¢¤µqzpn§kewqI¡iY\[iY\fehª(«¨¡]xyp&q|f\fe&e)(] ./\I0 
. ]./\I09
7
]  ./\0I0©e\[pnq,{k|±@¤©\9¤³½e}ghmÀlnVgIllnVY\`~Y\[l¢¤µqzpn§e 2' ,D&  ´O® ?`\[\[~5\9xyp&q¦\f{lnVgIl*,+,-.0/2134 .5(] ./\0 S.76 

86  0I0  9_   . 3;:=<7_Q0><@?@A_ ±+^¦´
¤³VY\[p&\9lnVY\B< _ ee}gIlnen¡@mÀlnVY\`¡°qzq¦¤³~y~Yqz~kÔÇ~Y\hgIptenm,e&l&\[Z qI¡\figIlnqz~YehÃ
¡Éqzp\hgz|&V~Yq{y\ [}® <_  C _  _  C 	_ 
 ±É´
¡Éqzp\hgz|&V>~Yq{y\*[® C _  " _  D  <E DFJ _ 
 ±É´
gI~Y{
¡Éqzp\hgz|&V>~Yq{y\*[® C 	_  " 	_  D  <E DF
	J _  ±@´G ÷@öìÇâIò Oò+ö¹òè¨êî ê}ìÇâ¹ò ê}ìÇãåünê}î ³çhó¹òî ¦îåçfçOë¹äMê}èÇòê}îåîíçnæònó ¦ìÇâzê&ìFãåä ¹ãðìFãåäFëçäÉäÉãíô¹îåò"ìÇçµâIê [òHJIAKALNM ç}èHPOAKAQLNM Y÷@ödçOñ¹èê}ëIë¹îíãåünê&ìÇãåçOö ¹æ5òäÉòìRHJIAKAS HPOAKATSUM 
  ö@^'_'`&aI`
^h   5
 8 D&F3 
a\[­gIlnqz~D±+^¦´µl&\[eiYelnVgIl < _ e³lnVY\9xyp&qzgIyl¢m6lnVgIlh®y~\fiyypniyZ®~Y\[iyp&qz~-[»ed\Ojk|[l&\f{F®ylnVgIl³e¦®
<7_  *,+,-.0/21 34 . ]P_ ./\0 % ? 0D
vYe}\[pn\lnVgIl*lnVY\]~Yqz~kÔÇ~Y\hgIpNenmkenl&\[Z |fqzZNx5qe&\f{¥qI¡d\figIlnqz~Ye6±É´O®³±É´gI~Y{ ±@´BVgze   \figIlnqz~Ye




lnqz~Ye9qI¡©adÂtÂ®.¤µ\yjlnVY\ " 	_ el&q6¼±°e&qy®lnVY\[p&\et~Yq²~Y\[gIln\Nen~gIºgIpnpn~y²¡°p&qzZqziyl&e&{y\¦´OªBse9g
\hgIpn~y~yNl&q,qzÇ®klnVY\`adÂtÂÅ¤³F5\te}\f\[~6gzegy­gz|}§ÔÇ5qfj¯Vgf,~y  ~yxyiyl&edgI~Y{UÓqziylnxyiyl&ehªºUWVY\`~yxyiyl&e
gIp&\lnVY\*p}gIl&\feBqI¡©lnVY\~Y|fqzZN~y6£qh¤e4qI¡µx5qenln\en~gIe4gIpnpn,~y¯¡@p&qzZ qziyl&en{y\®MÇªð\ª4lnVY\ " _ ehª4UWVY\
qziylnxyiyl³gIiY\fegIp&\tlnVY\<_°ehªK«¨~²¡Çgz|[lh®k~gIxyxy|hgIlnqz~Yeh®yZ]qenl³qI¡ÁlnVY\tlnZ]\9e&qzZ]\t~Y\[iyp&qz~Ye³{yq~YqzlWp&\f|f\[\





















±@lnVY\tp}gIl&\fe  P_KgI~Y{²lnVY\`yp}gI~Y|&Vy~yNxyp&qzgIyln\fe  _ J  gI~Y{ 	_ J  ´µeniY|}V6lnVgIl© ¡n®,~¯lnVY\p&\fe&iyln~y]adÂtÂ®¤µ\
e}\[l " _   
	_ ¡Éqzp³gI	[t±ÉgI~Y{ " 	_  ? ´O®ylnVY\[~M®,¡ÉqzpdgI	[}®klnVY\9enl&\hgz{kmÔ¨enl}gIl&\9q,|f|[iyxgIlnqz~xyp&qzgIyl¨m<7_Áe





 _ J    P_  _ J  gI~Y{  	_ J    P_  	_ J  
UWVyeZ]\hgI~YetlnVgIl  _ J  ±@p&\fenxMª  	_ J  ´elnVY\Z]\hgI~¬lnVyp&qziyVyxyiylt~¼\fiyypniyZ qI¡ºx5qenln\¯±@p&\fenxMª~Y\[zÔ
gIln\¦´en~gIeqz~y¡@p&qzZ ~Y\[iyp&qz~ [©l&qN~Y\[iyp&qz~ ª©UWVY\[mgIp&\|hgI\f{ &C4 F2 mgI~gIqzm6l&q]enl}gI~Y{YgIp&{
stÂtÂª©UWVY\¼\hgIpn~y~y8gIqzpnlnVyZ xyp&q|f\f\f{yelnVY\[~ ¡ÉqzpnZgImúgze²¡Éqzqh¤e¦ª UWVY\we&\[l¯qI¡¤©\[Vl&e~ lnVY\
~Y\[l¢¤µqzpn§ðe³l&qzx5qzqzme©~yln­gIÊh\f{¯l&qe}qzZ]\`gIpnylnp}gIpnmÀxqe&ln\gIiY\®ygI~Y{²lnVY\[~Ól&\[p}gIlnqz~YegIp&\tx\[p+Ô
¡ÉqzpnZ]\f{¬¤³Vy|&VwZ]q,{k ¡@m>lnVY\[Zª M\[l`iYe9|hgI   _ J  gI~Y{  	 








¤µ\[Vl&e`gIldenl&\[x : 39iYen~yÀg  20&3JF3 42'# '1 ®gze³iYenigIM¤³lnV>~Y\[iyp}gIM~Y\[l¨¤©qzpn§,ehªµuqzp&\4enx\f|[ |hgIm®
{y\[~Yqzl&\³m 
	 	   lnVY\W~Y\[l¢¤µqzpn§Nqzyl}gI~Y\f{g¹¡°l&\[pºenl&\[x :F3®{y\OY~Y\f{Nm¤µ\[Vl&e   
	 	  _ J  gI~Y{  	 
	 	  _ J  ª
¾ VY\[~¤µ\4e}\[llnVY\B~yxyiylp}gIl&\fe±°\Ojkl&\[pn~gIÁx5qenln\Ben~gIeO´W~ 





	_ J     	 	  _ J  : 




	  _ J  
 ±É´
 	 
	_ J    	 	 	  _ J  : 




	  	_ J  
 ±+B´
¤³VY\[p&\]lnVY\]xgIpnln­gI©{y\[pnzgIln\fe 	 < 	  J ? ±Pº5\[~y½qzp : í´BgIp&\]\[gIigIl&\f{¥gIl <  < 
	 gI~Y{
  J ?    







5       . < 




l&q5\4e&qz\f{Fª¾úVY\[~p&\[­gIlnqz~Ye]±É´gI~Y{¥±+B´gIp&\gIxyxy\f{F®5lZghmVgIxyx\[~¬lnVgIl`e&qzZ]\4gIiY\   	_ J  qzp








	 ®F¡Éqzp  3

·ªNUWVY\N~y§¬¤³lnV¿lnVY\N~Yqzl}gIlnqz~





	_ L$_gI~Y{¯¡Éqzp³lnVY\±°e&|hgI­gIp´Wqziylnxyiylh®  
	 L: 	 ªse4~¿Z]qenlgIxyxy|hgIlnqz~Ye*qI¡sÂtÂ ¡°qzpB\hgIpn~y~yxyiypnxqe}\feh®½¤©\]iYe&\Àg¹ÔÇ\[\[»~Y\[l¢¤µqzpn§¿enlnpniY|[lniyp&\Ã
lnVY\Àe&\[lqI¡~Y\[iyp&qz~Ye )3

`6e4xgIpnlnlnqz~Y\f{·~l&q¬eniyYe&\[l&e¦ÃlnVY\Àe&\[lqI¡ F32.  ~Yq{y\fe¦®KlnVY\Àe&\[lqI¡




 8 D&F3 
e&~gIed¡°p&qzZqziyl&en{y\*gI~Y{¬{yqz~ l9e&\[~Y{¬en~gIe`qziyl&en{y\²±@lnVgIl`eh®¡Éqzpt\hgz|}V¬~yxyiylt~Yq,{y\ [}® " _ % ? gI~Y{)_  ? ´OªÄYqzp`qziylnxyiylt~Yq{y\feh®.lnVY\4e&lnigIlnqz~elnVY\qzxyx5qenl&\Ã " _  ? gI~Y{_ % ? ªUWVY\4~l&\[pnZ]\f{k­gIl&\








      $+(
 Z MX !#"$ X   
	XY W  
«¢~¿lnVyeeniyYe&\f|[lnqz~M®"¤µ\À|fqzZNxgIp&\lnVY\l¨¤µq¬|fqz~Yen{y\[p&\f{Dl¨m,x\feqI¡³~Y\[iyp}gI»~Y\[l¨¤©qzpn§,e¦Ã*spnln |[­gIWÂ\[iyp}gI
Ât\[l¨¤©qzpn§,e*±°sÂtÂ9´WgI~Y{agI~Y{yqzZÆÂt\[iyp}gI½Ât\[l¨¤µqzpn§ke±°aÂÂ9´O®k~6lnVY\B|fqz~l&\Oj,ltqI¡Kqziypenx5\f|[ |9xyp&qzy\[Zª








¤©\9Vgf\ <_  " _ P_ " 	_ 





<7_  _ J 
    
 _
< _  	_ J  




<    J 
 " 
#! 


































¡@p&qzZÆÊh\[p&q]l&ql&e³Zg¹j,ZiyZ gIiY\]^ª 	WqzlnV6Yiyp&\fede&VYqh¤)lnVgIldaÂÂ |hgIxylniyp&\felnVY\9ZgIxyxy~yÀ\[l¢¤µ\f\[~
lnVY\À~yxyiyl]gI~Y{·qziylnxyiylzgIpn­gIy\fe¦®»gI~Y{¥lnVgIl*aÂÂ e*~Yqzl*\[pnmDe&\[~Ye&ln\l&q¬lnVY\²~iyZ\[pNqI¡dVy{y{y\[~
~Y\[iyp&qz~Yehª²¾ Vy\ÀsÂtÂ \fe*iyl&\]{k ¸5\[p&\[~lgIxyxyp&qhj,ZgIlnqz~Ye¡Éqzp4enZgI»|}VgI~y\fe*~¿lnVY\enÊh\qI¡WlnVY\
Vy{y{y\[~8­gfm\[phª u¬qzp&\fqh\[ph®W ¡9lnVY\qzxylnZgItsÂtÂ gIp&|}Vyl&\f|[lniyp&\¼|hgI~ ~Yqzl]5\6{y\[~ln \f{F®³l&e²gz|f|[iyp}gz|[m































































































    4((* , 






























igIl¨mÀZ]\[lnVYq{yegIp&\ !`\[p}gz{YgIlnqz~ # gIl&\[qzpnm¯agIln~y± ! # at´O®,o"gIp # qzZNxgIpne&qz~±°o # ´WgI~Y{²sYe&qziyl&\
# gIl&\[qzpnm6atgIln~y±°s # at´Oªy«¢~qziypd|hgze&\®yeniykrn\f|[ln\9l&\fenl&e¤µ\[p&\4{yqz~Y\BiYen~y ! # a4ª



























ÄÁiyp&\¯YÃÀop&\fe&\[~l}gIlnqz~8enlnpniY|[lniyp&\6qI¡d,{y\fq¼e&\fiY\[~Y|f\fel&q¬lnVY\¯e&\[lqI¡ViyZgI~ qzYe&\[pn\[p&e~ g ! # a
eniykr+\f|[ln\4igIl¢m²l&\fe&l\Oj,x5\[pnZ]\[~lhª
Ä"iyp&\4kÃUWVY\B«U  Ô¨a$~y~Y\OÔÇxqz~ligIl¨m¯e&|hgI\
Ä"p&enlh®{y\[~Yqzl&\m  ( lnVY\4Z]\hgI~¬qI¡lnVY\\[zgIigIlnqz~Ye`qI¡ºe&\fiY\[~Y|f\  ( qz~lnVY\4e&\[ltqI¡qzYe}\[pn\[p&eh®lnVgIl
eh®
  (  3  _   "_ (  ± O´
  ö@^'_'`&aI`
^>X   5
 8 D&F3 
!`\[~Yqzl&\`m >  (:  (





  _   .
"_ ( :   ( 0 5 :3 
stee&l}gIl&\f{ ~ KPORM¨®WlZ4iYe&l5\gze&|f\[pnl}gI~Y\f{ ¤³VY\[lnVY\[p¯lnVye{kenlnpnyiylnqz~ÅqI¡Be&|fqzp&\feÀe~YqzpnZgI`qzp~Yqzl
iYe&~ylnVY\  l&\fenlÀ±@mw|hgI|[iy­gIln~y>lnVY\/8¨§,iypnl&qene 9|fq\|[\[~l*qI¡WlnVY\*¡@iy~Y|[lnqz~M®ÁÇªð\ªNlnVY\Np}gIlnq>qI¡©lnVY\
¡ÉqziypnlnVqzp&{y\[ptZ]qzZ]\[~l`l&qlnVY\e&igIp&\4qI¡ºlnVY\e&\f|fqz~Y{¬qzp&{y\[pdZ]qzZ]\[~l´Oªt«¨¡ Be\[l¢¤µ\f\[~¿gI~Y{>Y®lnVY\
{ke&lnpnyiylnqz~>Zgfm²5\`l}gI§\[~>l&q5\`~YqzpnZgIÇª»«¢~enmZqze¦®y{y\[~Yqzln~y  ( 1(   ( ¤³VY\[p&\
 (  3 _   .
"_ ( :   ( 0  

 ¡H5" ( NlnVY\[~6lnVY\`{kenlnpnyiylnqz~;.
_ ( 0 _   J J  |hgI~6\9gze&eniyZ]\f{²l&q5\t~YqzpnZgIÇªºÄYqzp\hgz|&Ve&iykr+\f|[l[®k¤µ\BZiYenld|fqzZNxyiyl&\9l¢¤µq~l&\[\[pdgIiY\fe _ gI~Y{ _ ®,¡°qzq¦¤³~ylnVY\`¡Éqzqh¤³~yxyp&q|f\f{kiyp&\Ã
e&\[l _  ? gI~Y{ _M ?
¡°qzp\hgz|}V>e&\fiY\[~Y|f\ ( <     

  
 ¡H5 " ( Y®klnVY\[~
 ¡ "_ ("!   (  5# ( lnVY\[~$ _M _ 3
 ¡ "_ (    ( :;5# ( lnVY\[~$_	%_RL3
\[e&\
 ¡ "_ ("!   (  	 5 ?  ( lnVY\[~$ _M% _ 3
 ¡ "_ (    ( : 	 5 ?  ( lnVY\[~$_M% _ 3





- ¿³35d".K35-/. - Á35 	4&	/ /   (¯-y.-
UÁq\[~Y\[p}gIl&\`lnVY\9{kenl&qzpnl&\f{¯,{y\fq*e}\fiY\[~Y|f\feh®,¤©\`iYe&\f{gl&qqz5lnVgIl³\[~Y|fq{y\feg4p&\hgI ÔÇlnZ]\`,{y\fqNenlnp&\hgIZ




















   





< UWVY\ 	©l*agIl&\± 	Wa`´OÃFlnVye4e4lnVY\]p}gIl&\ÀqI¡WlnVY\²gz|[lnigI©\[~Y|fq,{y\[p ðe*qziylnxyiylhª6«¨lBe*|&VYqe}\[~l&ql}gI§\
¡ÉqziypgIiY\fe²±ÉBk®k^hk® O

















 á5âIãåä çOîåîåçnæMä"÷@áèÇò+ü+ç  ³ò+özó¹ê}ìÇãåçOö¹ä ¹êäMñIäÉñIêîãíöìÇâIòê&èÇònê 
  ö@^'_'`&aI`
   5
 8 D&F3 
3²ªUWVyee*\f|hgIiYe}\]qe&ep}gIl&\fe*VyVY\[p*lnVgI~ ^h43 {kp}gzenln|hgImp&\f{kiY|f\,{y\fqigIl¨mª¼«¢~lnVY\
~Y\[l¨¤©qzpn§,e¤³VY\[p&\]lnVY\ ½a eB\Ojkx5\f|[l&\f{¿l&q65\VyVY\[p4lnVgI~¿lnVye4zgIiY\®"e&qzZ]\N§,~Y{¿qI¡³Ä " # KåQM
enVYqziy{65\`iYe&\f{¯l&qNp&\f{kiY|f\9lnVY\4\O¸5\f|[lqI¡Kqe&e&\fehª
< UWVY\`~iyZ\[pqI¡ # qz~Ye&\f|[iyln\[m½qenlo"gz|}§\[l&e4± # Moµ´OÃY¤µ\9|&VYqe}\`l&q*{kp&qzx¯xgz|}§\[l&e³~6yiyp&enl&e³qI¡µ^
l&q*kªUWVY\t|&VYqz|f\`qI¡Á*gze»iyxyx5\[p©ZNl»¡ÉqzpµlnVyeµxgIp}gIZ]\[l&\[p³|fqzZ]\feµ¡@p&qzZp&\hgI.Z]\hgze&iyp&\[Z]\[~l&e³lnVgIl
¤µ\`x5\[p+¡°qzpnZ]\f{¯5\O¡Éqzp&\WKå





















 VU     ,7 + 
 6  "Z  
	XY  W   4&,-  21,7
UWVY\¯eniykrn\f|[ln\6igIl¨m¥l&\fenle~|fqz~k¡ÉqzpnZgI~Y|f\6¤³lnV·lnVY\¯Z]\[lnVYq{ !`\[p}gz{YgIlnqz~ # gIl&\[qzpnm·agIln~y
































  ¿³35d".K35- ; 













 8 D&F3 
     -W4
1 W
stetenVYqh¤³~¬~Ä"Yª B]lnVyp&qziyV¼Ä"YªUk®.lnVY\4xgIp}gIZ]\[l&\[p 	Wa \Oj,Vyyl&e`gp&\hgIl~k£YiY\[~Y|f\qz~>lnVY\*igIl¨mª
ÄYp&qzZ Ä"YªYBk®µuwv9È¥gIiY\feh®©qzyl}gI~Y\f{ m·lnVY\6lnp}gI~Y\f{8adÂtÂ®KgIpnm¡°p&qzZ ¬l&q BkªPO¬¡°qzp>±°ÄKa
	!B¼¡@xYeh®
½a
	` 3²® # Mo 	`k®gI~Y{²as 	`kª^¦´WgI~Y{²¡°p&qzZÆkªPOl&q1O,ªPO¤³VY\[~6lnVY\9Ä"a)q\feWiyx¯l&q]4¡@xYe¦ªUWVyeWe©¡°qzp
g9zgIpn­gIlnqz~²qI¡ 	Wa ¡@p&qzZkª^hBl&q4kª[Xkª«¢l&eº\O¸5\f|[l»e»|fqzZNxgIp}gIy\l&q9lnVY\d\O¸F\f|[l»qI¡Ma gze»enVYq¦¤³~]~ÀÄ"Yª O,ª
UWVY\²ZNxyp&q¦\[Z]\[~lÀqI¡lnVY\²igIl¨mDeen~y |hgI~l¡Éqzpqh¤µ\[p ½aÆgI~Y{¥{y\f|[p&\hgze}\fe*¡°qzpVyVY\[p Ma4ªKUWVY\
igIl¨mq\fe»¡@p&qzZ kª[X4l&q6O,ª[XB¡°qzpµÊh\[p&q4qe}eh®yiyl©lWqz~ymNxyp&\fe&\[~l&egI5qziylt^ªåqI¡ÁgIYe&qziyl&\ZNxyp&qh\[Z]\[~l
¡ÉqzpW^h3 ½a4ªzUWVY\µ¡Égz|[lKlnVgIlK~NÄÁYªXdlnVY\[p&\We"~Yqt\O¸F\f|[lqI¡ # Mo¿qz~*lnVY\WigIl¢m*|fqzZ]\fee&ZNxym9¡@p&qzZ lnVY\







































































ÄÁiyp&\WO,ÃUWVY\9ZNxgz|[ldqI¡ 	©agI~Y{ Ma qz~6{y\fq]igIl¨mª
 VU   
 W4
)   W 
UWVY\4\O¸F\f|[lqI¡ºlnVyexgIp}gIZ]\[l&\[ptqz~lnVY\4igIl¨m6e~Yqzltgzede&~y |hgI~lBgze~lnVY\ 	Wa qzp Ma ±°e&\f\95\[qh¤´
|hgze&\fehª¬UWVye4e|[\hgIpnmenVYq¦¤³~·~¥Ä"ehª\Bk®³^hk®³^^²gI~Y{ú^hkªÄqzp6± 	Wa 	`kª[Xk® Ma











zgIiY\9qI¡ads±T¡@p&qzZ Bkªål&qO,ªå¡Éqzpads 	`kªåNgI~Y{²¡°p&qzZ Bkª ]l&qO,ªå¡°qzpas 	`kªålnVyee©¡°qzp 	Wa
	`kª[Bk®












































































qzlnVY\[p³xgIp}gIZ]\[l&\[p&e ygIiY\fehÃgIqziylB^ªå¡Éqzp 	©a 	`kª^hk®,¤³Vy\Bkªå¡°qzp 	Wa
	`kª[Xkªste³{y\[xy|[l&\f{¯~Ä"Yª^hk®
lnVY\dgIYe&qziyl&\{y\[l&\[pnqzp}gIlnqz~²e»gI5qziylµkª[Xt¡Éqzp@B¡@xYe¦®yiylºYª[Bt¡Éqzpµt¡°xYehª"UWVY\³zgIpn­gIlnqz~ÀqI¡5lnVY\digIl¢m*e
gIqziylYª ¡°qzpas 	`kªågI~Y{>kª[X¡Éqzpads 	`kªåk®Y¤³VY\[~ 	Wa 	`kªåk®ÄKa
	`*¡°xYedgI~Y{ # ½o 	`k®gzeenVYqh¤³~
~>Ä"YªF^[Yª

































      X*        XZ ,!   +    MZ   








































Ä"iyp&\]^^ÃºUWVY\BZNxgz|[ldqI¡KÄKagI~Y{ # Mo qz~6,{y\fq]igIl¨mª
½aÅeWZ4iY|}V>p&\hgIl&\[p³lnVgI~lnVgIlqI¡KÄ"a®,lnVY\9\O¸5\f|[lqI¡"VyVY\[pzgIiY\fe³qI¡ # Mo eW5\[~Y\O|`l&qlnVY\9igIl¨mª
UWVyep&\feniyle³~gIp&\f\[Z]\[~ld¤³lnVlnVgIlqzyl}gI~Y\f{~ K^ROQM¨®YgIlnVYqziyVlnVY\BgIiylnVYqzp&ed{k{6~Yqzld\Ojkxy­gI~lnVY\
p&\hgze}qz~Ye³¤³Vm¯lnVye³VgIxyx5\[~Yehª
Èl}gIpnln~y9m4Ä"Yª,^hk®gI~Y{4¡Éqzp"Êh\[p&q ½a4®¹lnVY\[p&\µe"~Yqe&y\©\O¸F\f|[lKqI¡ # Mowqz~lnVY\µigIl¨m®yiylgze"lnVY\
½a)~Y|[p&\hgze&\fedlnVY\4\O¸F\f|[ldqI¡ # ½o8~Y|[p&\hgze&\fediyxl&qkªå*¡Éqzp Ma 	`kªå3²ªµÄyp&qzZÄÁYª½^hk®Y¤µ\4|hgI~>e&\f\9lnVgIl
lnVY\[p&\de»gI~ZNxyp&q¦\[Z]\[~l³qI¡MkªåBqI¡FlnVY\igIl¨mN¤³VY\[~ # Mo¥|&VgI~y\feµ¡°p&qzZ ^³l&q4`¡°qzp 	Wa 	`kªPO,®ÄKa
	`




      X 2&
 :   X+ ^W4




































































Ä"iyp&\]^hkÃUWVY\9ZNxgz|[ldqI¡ Ma gI~Y{ # Mo qz~6,{y\fq]igIl¨mª
lnVY\½a%~Y|[p&\hgze&\fehª9UWVye`Z]\hgI~Ye`lnVgIl`¤µ\N|hgI~¼\[l`5\[lnl&\[pt,{y\fq²igIl¢m¤³VY\[~¼lnVY\NgfgI­gIy\N|&VgI~y~Y\[




























































































































|fq{y\fehª«¢~) 3  :0&3 +
3 #* 
F3 ,+ 3> 0&3# 6
3]7N&707N'  0 %>2 ±+^>UUU´O®yqzÇªkª
KåQM.-/
µagI~Y{yqzZ ~Y\[iyp}gIM~Y\[l¨¤©qzpn§enZ4iy­gIl&qzphª














 &220# _^>`a ±É´Oª
KåQMONbRcIdUe#gf
 7N'-0











xy|[lniyp&\fehªº«¢~) 3  :0&3 +
3 
@& # 







e&\fiY\[~Y|f\feÀm8iYen~yDZ]qzlnqz~ú~k¡ÉqzpnZgIlnqz~Mª «¢~  0>#In   3  :0I33 
(+ 
3R:0 &3 #I 
3  1>4,















 .  +
3 ±+^>UXU´O®qzÇªF^®yxyxMª ,k^^ª
K^hQM$1C"#&(
YÈl}gIyl¨m*qI¡YlnVY\»p}gI~Y{yqzZ ~Y\[iyp}gIk~Y\[l¨¤©qzpn§4Z]q,{y\[Çª«¢~ 7 &70
#+ 








 M\hgIpn~y~y~¿lnVY\Np&\f|[iypnp&\[~lp}gI~Y{yqzZ ~Y\[iyp}gIµ~Y\[l¨¤©qzpn§ªÀ«¨~ 7 &70
b+ 








~Y\[iyp}gIM~Y\[l¨¤©qzpn§ª©«¢~  0>#Bn Z  '  4F 
V  43 
  0># I2I2IF3 4\+ 
3>>:0 &3 #  ± 'iy~Y\]^>UU$O´Oª
K^hQM$d#R"#F6 $ 
!"# [(d#U.}cOk#
 Ë qÈ ZNxgz|[l¯qz~ iYe&\[p¯x5\[p&|f\[xylnqz~$gI~Y{úiy~Y{y\[p&enl}gI~Y{k~y8qI¡














{y\fq¼enlnp&\hgIZN~ywigIl¨m·gI~Y{¥gz|f|f\[xyl}gIyl¢mª«¢~l 3  :0$#FGH  2& 0& D&5     50F
+  	H2& &W2

3   'C# 
6W53J+# +
3  :0&G>+# I2620I%>2  . ±+^>UUU´Oª
K^>XQMx "T1W},  
R(-(UQw6 
!Y(Uw" Y 
! "#  WQ ([
 Ë igIl¨mú\[zgIigIlnqz~úZ]\[lnVYq{
|fqz~Yen{y\[pn~ylnZ]\Blnp}gI~Yenlnqz~qI¡|fq{y\f{{y\fq]igIl¨mªµ«¨~  0>#Bn   3   0I3 $
3
'+ 
3>>:0 &3 # 6
3




¡°qzp©{y\fen§,l&qzx,{y\fqIÔÇl&\[\f|fqz~k¡°\[p&\[~Y|[~yYªÁ«¨~X 3  :0I33 
620I%>2  . 









  en~yg²u Mo)l&q¯xyp&\f{k|[l9xgz|&§\[lBqe&e




|fq{k~yYª»«¨~) 3   0I3 $
3
'+ 
3>>:0 &3 # W





¤µqzpn§kehÃgI~¬~l&\[p+Ô¨e&iykr+\f|[ln\~Y\[iyp}gIK~Y\[l¨¤©qzpn§Z]q,{y\[Çª`«¨~  0>#In 6 ^,+$    3  :0I33 

+ 
3>>:0 &3 # 6
3  3>20&)$













e&\fe&enZ]\[~l~Nxgz|&§\[l~Y\[l¢¤µqzpn§kehÃKs ~Y\[iyp}gIY~Y\[l¢¤µqzpn§Z]q{y\[Çª«¨~  0>#In  3  :0I33 
#+ 




3   2& D& ) 0># I2I2IF3 4   # ,3J 'JI2W
3 )  .. 0# $
3J24-   Z  )o 21^5/ ± 'iy~Y\k^¦´Oª
  ö@^'_'`&aI`
   5













 3  :0&3 +
3 
@& # 
















|fqzZNZ4iy~y|hgIlnqz~DqI¡µ{y\fqyª«¨~  0>#In/) 0 W0IC   3  &F0 4,'3 + 
3  0
 









xqzpnlKqI¡.u¬o'"@?ÔÇ4gI~Y{*uo "@?Ô¢t,{y\fqq¦\[pºsU³uDª   F 20&	O+ W653J+# +
3 2~+ 3> 0&3# 






lnp}gI~Yenxqzpnl6qI¡4u¬o'"@?ÔÇ gI~Y{ u¬o'"@?Ô¢D,{y\fq¥q¦\[p6sU³uDª «¢~  0>#   








Z]q{y\[Çªº«¢~  0>#In   )R4,! 0R# I2 2&354 
3 LFF28 *.&. +# +
3 + 





Vy\[p}gIp&|&Vy|hgIKÄ " # ªº«¨~  $#&%






qI¡",{y\fq]igIl¨mªº«¢~  0>#In   3  :0I33 
'+ 
3>>:0 &3 # 63  1>4,! 0># &2 2IF3 4 ±+^>UUU´Oª
KåQMUQ"'
!C"# 	 U (
FUWVY\d{y\[\[qzxyZ]\[~lgI~Y{À\[gIigIlnqz~ÀqI¡ÁgI~²qzkr+\f|[ln\igIl¢mgze&e&\fe&e+Ô
Z]\[~lKenm,e&l&\[Z$lnVgIlÁ\[Ziy­gIl&\fe"ViyZgI~\[¤³~yxgI~Y\[ehª«¢~ 3  :0I33 
 0>$$# 













{k­g|fqz~k¡É\[p&\[~Y|[~y4gIxyxy|hgIlnqz~Yehªy«¢~  0R#In Y +     50F









igIl¢m¯Z]\[lnpn|fehªº«¢~  0R#In Z   J   3   0I3 $
3
'+ 
3>>:0 &3 # W
3. C4
3 






Z]\[lnpn|feW¡Éqzp©{kl}gIm¯|fq{y\f{²ZgI\fegI~Y{²ZgI\9e&\fiY\[~Y|f\fehª"«¨~  0>#In 8  2& 0
+
3 & # 
665
3J+# +
3 7 '  20I%>2 
3 )  .. 0# $
















!"# 	l"#Vy  
Ku¬q{y\[~y]gI~Y{6enZiy­gIlnqz~qI¡Áu¬o'"@?Ô¢*,{y\fq*lnp}gI~Yenxqzpnl
qh\[p9sU³u ~Y\[l¨¤©qzpn§,e9|fqz~Ye&{y\[pn~y²lnVY\dr+lnl&\[pt\O¸F\f|[lhªd«¢~_' W0 %>2 5 . 3     F1 
  43 

 0># I2I2IF3 4 ±+^>UU$O´Oª
  ö@^'_'`&aI`
Unité de recherche INRIA Lorraine, Technopôle de Nancy-Brabois, Campus scientifique,
615 rue du Jardin Botanique, BP 101, 54600 VILLERS LÈS NANCY
Unité de recherche INRIA Rennes, Irisa, Campus universitaire de Beaulieu, 35042 RENNES Cedex
Unité de recherche INRIA Rhône-Alpes, 655, avenue de l’Europe, 38330 MONTBONNOT ST MARTIN
Unité de recherche INRIA Rocquencourt, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex
Unité de recherche INRIA Sophia-Antipolis, 2004 route des Lucioles, BP 93, 06902 SOPHIA-ANTIPOLIS Cedex
Éditeur
INRIA, Domaine de Voluceau, Rocquencourt, BP 105, 78153 LE CHESNAY Cedex (France) 	
	  
ISSN 0249-6399
